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The available reports on exhaust ojeatatauaed a* _ 
thrust ousijer.torj ire iiatssd ami a survey of. the existing data, is 
given.      In this Nöte the general effeat of the stain variables on ... 
.ejeotor jporioruanoe Is sham end theoretical and experiimntal ejeator 
perl'oiuancos are aoupand»      Jho' data for estinatine the busio* exhaust 
thrust and the optluuy exhaust nossle area are considered and 'it is 
oonoludod that the thrust but not tho nasal» area oan be ostipated 
udoqu'it'-ly at preaent. I   Future- theorotiaal and experimental «six on 
ejector:* is au&usted, and includes, in the first'instsnoo, the 
developuent of a unlfon. theory of ejectors rejnrdod as thrust and 
puapin,.  devices. " -~. 
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l. BrtroduotlOB 
** -U ——,.* ^-...>-   . .   . .    .. W^m 

Che of theproposed uothode of uaim; aoro-onKlao exhaust ßae}.; •'• •-.'sTf? 
energy la to oobody ejeotora oa ooolinj-air puupa'Otid thruat nugaontor» 
Ae «ill ba aaea from the attoohod Inooapleta Bibliography List, a       /• 

j considerable mount of experimental and tbooretlonl work haa boon done 
on exhaust gam o Jootora>     the purpose of the present note ia to 
indicatt- tha «tent of th» daV. TVailable for ejector design and to 
awyjaat »hat further work r.ppeare to bo neotlad at proeent.  . 

2. Outline of tha theoretical analvafa of ejeotora  —^ 4 

m 

•   Tha theoretical treatment of ejeötora, although v-uylns In 
datall, la usually bused on lour .»ieadytflov equationa:   2» 9« U' 19"* 

'* (1) aquation of continuity 

(11)        equation of • a. »ntuu , ' - 

(ill)     a .uatlon of enerjy ( 

(Ir)        equation of state 
/•    ' ' 

...'.      tQBBJ&iSU *" 

In order to a. ply the above equation» in n siuple wojr it ia 
usual to asauuei' y 

(i) one-dioenslonal, adlabatio and friotlealeaa flow for 
air and exhaust ^os,   . , • 

(ii)        couplete uixinj: attained at the ejector exit, 

(ill)     incompressible flow for -.ir, donaity   beim:  > function of the 
temperature only, 

(iv)       when a   diffuser is incorporated into tha ejector s/stoa, a 
certain "diffuser efiicitnoy". 

« •    V 
&}.       Besinn fSotora unaccounted for bytheory 

In the outlined ttwrotic.-J. treatnent, aortal ;i Important doairtn 
factors are onltted, such as: 

(1) ejector length, which has th- double nrol opposite effecta of 
fcprovilii the uixin- but incr-.' .a:n.> the friction, 

(ii) ,      atL.ijC  01   CU   ,-,-»ctor ami the exhaust £"• nocale cross-section,    " 

(ill)      1'JC .tlon c.   .h,   cxh~ju.it ;ps noazle, 

(iv)        miiilxr OJ   at., i j    in which the "lixinjl'lua to be seen ipliahud 
(only the fiii .j. uicctor croas-acctionnl orn:i .i.j*ara" in the 
equations). 

2.4.       Interuittency of the gjchougj &aa flow 

The cutlined theoretical treatutmi can be applied to the atejd,/» 
flow ejeotora e.i.  auch :.3 were tcated in tha, oonpruSaad-air experl- 

U     21     25 • aenta.     '  "' *-"      ./hen üculing however   with nhe actual aero-engine 
exhaust ejeotora, in order to account for tho inter..iittenoy of the < 

-'*i 

2 - 
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•   «.jch.u-jt    ;a flow, a .«an eifobtivu exhaust <:<j velocity obtained 
flfon the ^ctsureji exluuat ^as thrust, his tc be usi.-l.; '      i 
oorreapondtac «xh-jiat ^as tu.iperaturo ann be oalnulatod from tho 

•;' >j       eouatifcna of continuity and of «tat«, or aasiued. 
»;.:••• _J. '•'*!.'•*- 

2.5»   . ' Main yariablea .   - 
•.   •      .*-..•- ,| 

In the theoretical analysis at the ejoetor perloruanoe the 
f ollowir^ Taxiibles an," usually considered»      ) ) 

-£9 
'..• ja 

'    •, 

C0>    it« jyv 
exhnuat jaa flow 

(11)*     Ap • pre inn dlffweno» across ejector « 
• (static pre saun at ejector welt )-,(stuKdJÜoii preaaure. 

In front of the ejector) '•:*..• 

Wptei    atagnatinn prcusuro la usually" taken a«'the J    • 
static pressure behind th, nngino, where the air ' 

"«loolty Is anoli,    . •*'••; 

fill!     « r'jL.'X. '•       -''Jeotor cross, aectlcintj, >*re« ', 
cxh'.Uat noaalo cr>sa seet'i.nnr.1 -urea    _i-i *V 

(iv); PA, thruat at e.lectcir exit       
thruat. 'ivei, by oxhauat nousle only 

El. id   4 ''itti-'i. in- 

,..    ••   , 

It si:.ul    i:-'   i • .i.-.'i th it   /i    and   A]'   hr.vu not. In >ill ouaeaj —?S 
the a...*. : uioin,^,       !      ..>. c .nditijna    f E* «ml c:..:.iiin. , 1.u. withw       , 

,'aexo   ra*   ;t ir.ni. .^   .f    «njipe,   A;,    is yiuiU. t.   tlu. .re'aaure drop  .;; 
""•aoroas tfce fri~;lnt> aaü, thus, l'ur conattfit ».-/ic-iiiu   .p<;r-tj..i», c(>n<iitivns. 
, (PL" oon3ti)i   V   ia .. 1 unction of   a\>, th-ir rel-.tlonaiiip boinx;   ' '   ri 

'   V^ •*-    • —~t -' "-^BBFI 
Eiven by the- hot fl v otJ.iurati.-.ii oaf nir • m.in>> .In t.-da oaao, the / , 
opHiaub «jectJr arran,,oi..ont ia tn.t w;-it-r. . iws .UOLUJUU Äp ( oriu l*)i': 

On the otter hand, Atf the ojcotfur la loöatc: rfter r. varinblu jxiio» • ''* 
tonot; to flow ur ii r.v. Is .> jUita to ir:nl UJ* ;:io reslatdnee, tl^t/ii.'V'J 
II la not solely a function ol ap. Che lx-i/i .u.'ran,;'*Ji>n,t ia th^it ^,VC< 
which, fjr a jive» P, <;i^n 

" This ubthod Is uor«: general, 
eileot of   ". '   , .-   "• ' _   , 

n i,/..'; hi^'/i- at   Ap    (cr - 6p   ii. c**at--- t>r--CJaHjtj 
Xi since it pr-ivXrlua Jr*Ti>:.>.iatlun on tlw-      ."';".» . 

.     fl 



7-7/MAIN FUNCTIONS - THr RELATIONSHIP OF THE FOREGOING VARIABLES 
FOR UNIFORM CROSS SECTION EJECTORS CAN BE SHOWN OIAGRAMMATICALLY 
AS   FOLLOWS ,••- , ?', 

KPV,"': ftp 

Z"H       IN FIG.I, THE INFLUENCE OF THE 

W, ÄMAUST EJECTOR  NOZZLE ON  EJECTOR 

PERFORMANCE IS SHOWN, FOR   CONSTANT 

OR 
M 

I- 

EJECTOR   CROSS  SECTIONAL AREA A^7    CURVES 

FOR CONSTANT ENGINE POWER ARE DRAWN. 

•A* 

Wr j- 

#r:- •<        .   ' "-' •'      " •' • " I 
ZTZ      IN  FIGS 2 * 3   THE   INFLUENCE 

^ORAa.A«   BEING   CONSTANT) 

FIG I-   *a.CONST/, -ffaP),Mi ru't 

ON EIECTOR   PERFORMANCE   IS  SHOWN. 

FIG.Z .APPLIES  TO   THE CASE OF 

CONSTANT   RESISTANCE , A - f (Ap) • 

WHILE   IN.FIG.3.THE  RESISTANCE 

WAS   VARIED '*.        - * 

IN   BOTH   CASES   RAM - 0. 

£-73      THE   INFLUENCE  OF RAM  ON 

THE EJECTOR   ACTION.AS A  PUMP 

IS ILLUSTRATED   IN FIG. *, WHICH   SHOWS 

THAT.THE   EJECTOR   PUMPING   GAIN 

DECREASES    WITH  RAM. (l£ FLIGHT SPEED ) " 

FIG.Z. Ac -0)1197, Fp • CONST. 

AP 

—vi. 

FIG 3   At -CONST. V. • C0NST.--EIM3fflMN.J 
CURVES        ' 

3 {p Tf tf®4  *••*»• M*' F« ' C0MST 

F 

2-74-     A   SIMILAR EFFECT OF RAM 

("IE. FLIGHT  SPEED) ON   EJECTOR  THRUST IS 

SHOWN IN FIG 5 *   IS COMPARED WITH THRUST 

OBTAINED  FROM COOLING AIR S, EXHAUST  GAS 

SEPARATELY.2 FIG. 5. SHOWS  THAT EJECTOR IS 

A THRUST AUGMENTOR AT LOW SPEEDS -ONLY. 

•~>£k fisted 

f ICCTOB 
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pe.S. MMk,#£ CONST 



~   ..;''• '   2-7'?. 
.'" parrnu^i« is; otitft^ned 

Bcjth Piij.'4 «id 5 in Ue.it>: that ::.o»;ii*uiji«jwtor_i.• 
at' »jr..und coolinj oöJHitiWia. 

• «"if 

at ixrc rvn, 1.«, 

5» fttcufiU^nt-J u.:t>. :.y.ii .Die:   Bch,.u3t pas ncszlea 

• Ml'      .ZritiaJ. -tussle' arei'•      ,'•'-'*"'.; —    J'i'-'lp 

T-jcio^ intt rixuunt net thru-ii • .-.a £ive.i by jropajliar ani    • .". 
«haust gas>. it   . '.a not pay in cenal^Ü.-*« iecr.«-.*- the exhauat 

-     nozglc arui oeyond the critic J .iiiu, at ..j.-iöfc the engine ->.it A      . i 
'   starta te .ircp.^'»2-1.. • Frou jhfc 'point' pi vif/of ila> ejodtcur    '~-    .^ 

perfcruanoc thf   i...'j.l...^t >w3.iioi' no'sElt   is roouirod 1? (-see <;.7.1/ 
and thus thy critical «isu »nui.i bcuaed.     iiw taeareticnu. dc|*>r- 
Vtinaticn :i this opt iuuv no«al>» »iio i.r en   r<i.jiL .tt>rtci.i>. ilnaar 

'   sp>»olfi<-d oonlitiona Joe a not aocaj'at proa, nt possible;   "tine only  .,' • 
• avaiiabli *#tho<I2^ ia baaod on ono art of t<ürt3 tm n;poFPt'*~valve 

' engine anä'its'i;eneral aiplieatio-i, in view oi" the ru'ilts of oiltotf. 
similar tests   -,~ia doubtful.. ••, ,'_.. '_JL;-i 

•   It aeeua therof or»" desirable tc uake .in atier-tit tt establish'-"•? 
a a itlsf aotcry «orral-itior-oT ti.e availabl•: data on *:he critical "',. v   ' 
r.oszle ar-.a, n. that it could bo let>r..iihod befbr*A\nd without ro- 
»ortinj t= experimental Bothoüs*. •'    .: 

" 312^      Exhaust ggg ao.i-ntui . >   I 
/' '••    Ü 3.2.1.     Itjioa b.;«n .-Jrrj.-jly ;«inted out (5.4) that 1» order    ;•'.   - 

•  ..-to apply .the steady flow, theory"tc in»'   oxhmat 3.« ejeotora, it ia   3 
nocftes^-ry tc introduce thi- "cf icotivr" exhmat eus velocity, .a»'f"i»»j» "\| 
by neoaured nxhauat <;as throut wl i.iean --xh-mnt «jaa alas flow.      It- 
aec« that a. aatiafactoiy method 0»' eorrelaTsiiy the rx>>crii3cntal    •  • .'? . '? 
data ovor 1 wide r-u\,» if engine characteriaties .aid. rperatisc cou-.j. 
dltions has been c.tvcli>psdl9, £3. .. ik% 

*lt would b.. ai-üiraoit, to i-..Jy thin rxrthod to tbe.ivailaMe       .Tl 
ex;» r;.,.-.nt;.-l data*! 10» l)  aid tima ia catabll-ah fiu.aiy it» j-cliibilltaf- 

3."3.'J.    V:u-i?u.; I...(tfcpds oi expori':*:',tal exhuiat thrust i»aejÄ<-| 
«icnt Were us«.' and the^' can be dlvidril in    two   aain ^ri.up*i <t iJ 

••.'!''        . .  ".    Tm 
(«) by use of a tarjtt, the function 01" wdieh io to chaica-^he ' ..    % 

• •   .'• ~^a33wetTon of the exhaust ;,o;i uau^nt^iJgr 90°     'rf* and 

-    (b) .      by pitot-statio prcsjurt n-ojlii»..« ;'.i i;ü cxbvdst c"J' "osalc . 
«xitfl. 

' ' T " . •• 
It appears that, except in OIIJ tjaso1', no   effort» wer» uade 

' to cotipcj* the results jbtainod by thi tvo methods;    aucli a corral: ' 
-     of the tw • would be useful, the (b) u Shod '«in,: >«ch siaüdor to 

apply in pr'ptice«". 

i 

}>)•  .    Shape*of the oxhaust'nosslo 

This factor dois not cue in the 1)y.«vtlonl anaJya.'.•« affi it« 
j influence has to be rtetKr.ninnd experinfcntallyir'" Cnly one such set of' 
tests_ii oyailablelfl and they definitely indioat« tint a i'Jittem^l , ., 
reotansular nosslr Qivca better ejeefcir ,\-rf -rn-jirc thnn a noCale ef , 
aspect ratio 1:1. The uptiiium nozzl>i aspect ratio depends on tl» •'• 
ejaotor arransanont and seeB3 *o be'i'* the order of 10 to 15«, • „^ 

• • •  ^ '.'-.- ~   •       ••• -       ' .   •  i.'— 

Apart frrjri the available 4 ta, the ait^lc-cylinder testa o^.flK'M»'^ 
Iiow JDraf Power Plant ahould-provide the necessary results .fbrTMKi'Ji^KaB 

'.fuiMpo,-'.,   ••• 1 •»—(••" y^ZZ—J«    .-r-*- 
**'"••-' ^CSäS ••'• r   -a 

:..    r...   -siCTC-P    :iJ 
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itiw » .the «diMMt noaale     * ... ''J   '.••.'v;'-"'   "$?- 
I* appear« that the location of the «haust noaale at the ejector 

entry has only slight influence on the ejector perfornuicel'.2!. 

4. «wwrloeiital data available, j gjeotor« 

4.1«i •      Ml fT?ff"1 •       . "" __    •   \ 
1      L " • •rirj-, «•'— •• •j« •> 

'   ' Several invoeti^atore have cope to the conclusion" -^ that a        . >;   . 
ualforu crosa-eeetiön i-ixiife lennth la the uoat satisfactory (olao 
called "straight ulxinj section";.  .   Thus In the various exhaust-£as 
ejector teste only thie type me considered, sometiuea with a diffuser 
attached to the straight eeotion.     The renerks which folio« o-.ply to 
this type of ejector.        . , •. 1 

4.2.       farnos of testa , 

The available experimental dat'i con bo divided* aöoaraia,, w the   • 
types of -teate into '.••'•'"• \       '••    v^ * 

' ,/•••*•''    I 
(a) steady flow teats (with ooqpreased air* or oonstant pressure 

oonbustion ohsubDr)ufl2»21«25. 

(b) intermittent flow testa, (usually an actual a»ro-enpinea)r*    '    1T 

and according to.the -lurposo of teats into • 

(a) tests of ejectors us put-pa12»17»1^»19»20. 

(b) tosta of ejectors as. thrust nu.-uüntors*-'»!2»20»2!»®. _ 

In the Majority of cases the tests were earrir.i out with suro rail, I.e. at 
ground eoolinc conditions for the buried installations.      Thus only in 
one instance both thrust nnd puMpin.: aa'wcti of the i-itorrjttcnt flow 
ejeotor have been invosti£ut»:d und thi;n only very briefly.20 It seena 
therefore that futhor testa of thl3 tyr»; v/cull be useful". 

4.5. actual ejeotor pegfornnnoe 

The eaup„rtson oi" the th< •.reti'Vj. -jid uxrwri.iental ejector 
perfi&r.:.:«ce is indicate« ^j.^.r.-..«,.-.tiotJ.ly in 'Pif-i r-bovo.      The anx. Ap 
are sw-Jler th.ji the ones ^a- iioteu by tH-ory and thu cptiaiun a   is 
bi^er than tht tMi.r tic J i.ne;    it ij inoor-jondent ui the ejector 
lenithH 

In r.ost exnuriuonta the qualitative ox.reu^Jnt with theory is 
reasonably £i-(>d;    th. quantitative 'icrcw*jnt varies, the Dj-.fei.uui. ejector 
giving usually   Ap   values 0»' the or<4er yt 0.7 to O.fiof the ohe.-retieal 

' ones (for SCA-IO ire a ratio   a), 

4.4k.        Suitaulc ejuctor proportions 

It hus been pointed out alr'üV tiv-t thu ejector loi\;th I-eo not 
eoue into the theoretical uriolysis.      Its   influence is usually ex-crossed 
in the ex.«ri.....nt.il results by the factor L/D, where L = ejeotvr leiv.th 

and D • hytlraulio diameter = . 4 ->a 
jxjriuetor 

It aiipoaro that for strii;*ht 

Single-cylinder tests of the H. ..3. Low Drun foi/er .riant -will bo of 
this type.      , 

- t. 

} 
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sinjlc-stogc ejector3, lor both thrust augmentation and punpinc 
purposes, the optimua L/D value lies between ö  ind 10 for    a   var/iiy 
fra- 5 to 50,      The lower L/D values sucvi tu apply to tfa higher a 
and    u valueslo,19,21. 

4.5.       aiultl-sta,-e ejectors "" 

From test results it appears that, both from the punpinj and 
thrust aucnentation, paint of view, better results tre obtained with 
nulti-3tacc ejectors, in which the ..-.ixinj prJooss occurs in several 
steps and that three is the opti.iui-. nu-iber of starosl3#21.       , 

The optinun overall length   of the . «lti-stc/jo ejectors Mans' 
to be smaller than that ofthe corresponding single-stage arrangement. 

Little information is available on the optinun nulti-stsf;e 
ejector design,      However, since   in practice it will be seldom possible 
to use nore than two nixing staces and in view of tho considerable 
difficulty in foruilating any rules for nulti-stage ejector design, 
it is not suggested that my general mporlrbrital work should bo under- 
taken In this'direction, 

4.6.        Ejectors with diffuse^»    ' 

Diffuse r.--. fitted r.t the.exit of thv straight ejectors increase 
the puupinj j-trfor.- nco,  thi.i boinc espaoinll/ marked at low   a    values. 
It appeara th.it for the r,c,«> overall length it definitely pays, for 
puwpint, to lit dll'movr« in small   a    («* 10) ejectors;     for high > 
values the diffuser   ;-in Is .i..,J.ler and appears only at high L/D values 
and the optiuun L/:; vjluc is considerably higher than thut for ejectors 
without  liffusers;    k:tic, in this cose, if tho length is limited, the 
diffuser uoes not payl?.      * 

The diffusors usually fitted are of a cross-sectional area 
ratio of 2 to 3 and c divorgonoe angle of ubuut 10°.18»1' 

4. 7.       Rectangular ojoqfors y•-' 

iloat of the tests wore made with the droulur cross-section 
ejectors.      In one instance"* however, ejectors of various rectangular 
sections wore tried;    it appears that the best pumping results were 
obtained with ejectors of aspect ratio 3, although there uns only a. 
slight, lisprovenont as coopered with tho .results of the ejectors of - 
aspect ratio 1 or 5. 

4.8. Curved ejectors 

Slight bends (15°) in tho uixin,; section do not impair 
noticeably the ejector pcrforraanoelo. 

4.9. Ejector   eq<fTV 

It appears that there Is a definite gain in using a bell-nmrthed 
or aoniaal ejector entry up to 1.5 oleotor diaaeter.      No gain Is 
obtained by using still bigger diameters31, * 

4.10. Grouped ejectors*? 

koat a; the tests were carried out with ejector1 actuated by the 
exhaust tiaa issuing 'Troo one or two cylinders.      In coo case1' however,   • 
.the eflect of individual and grouped ejectors was investigated.      In the 
latter .irrA'cuent the «haust Stacks wore combined in groups of three, 
the firing intervals oi the cylinders in enoh group bolnV spaced aoually. 

;:•* 

;>    •* 4 78 81 



bettor results (dp and v)$   where the total »re» of the triple 
ejectors was equal to 1/3 of the total art«, of the individual ajeotora, 

. the l»t ter gave better performance. 

iaotora '      •>    .' ». 5. fm**!^ future wort, on ej< 

'    Throughout this Note certain suggestions ha«« bean made on, 
the future theoretical aal experimental work on the exhaust-gas ejectors 
to be undertaken.-    The:«» and some additional proposals are »era 
collected.      It Is thought howavwr that before starting an/ of the pro- 
posed teats the theoretical work outlined below should be first   ; 
completed, .' 

Y-iB 

5.1. Theore- tical work ' 

 . 5.1.1.    a oonneotion with the application of the axhauat-gaa 
ejectors to atr-oooled aero-engines it would bo useful to develop a 
comprehensive analysis of ejeotor» as thrust augaontora and' air pumpsi 
this can be readily done by combining the available theoretical data. 
Such a uniform theory should be baaed on dinansionless variables and 
should be adaptable to any engine hot-flow and exhaust characteristic,-,; 
graphical methods of solution should be used. 

5.1.2. A satisfactory method for the theoretioal determination • 
of the critical exhaust-gas nozzle area should be developed (see .3.1). 

5.1.3. Th» reliability of estimating the exhaust-gas momentum 
should be eheoked «gainst the available experimental data (see 5*2). 

5-1.4.      Pltot-statio pressures and target methods of thrust 
measurements should be compared by new testa if necessary. 

5.2.      Experimental work" 

5.2.1. Tests in which both pumping and thrust ejector 
characteristics with intermittent flow vrould be investigated seem 
to be needed.      Practically no data is at present available on the 
correlation oi' the ejeotor thrust theory and practice, 

5.2.2. Influence of the- divergence (diffuser) ana convergence 
of the ejector exit section should be investigated, in parctioular with 
respect to thrust. 

5.2.3. The envisaged test rig would consist of a single- 
cylinder liquid-cooled unit, the exhaust of which would be used to 
actuate air ejectors.     The.ejectors should be oonnected to a surge 
tank placed after an air blower, which would provide considerable ram 
pressures.      Upstream of the ejeotor various resistancea, representing 
the engine cylinders, would be fitted.      Ejectors of various eroas- 
seotional areas should be tested, each consisting of several segments 
so that a number of different overall lengths would be tried.      Also 
ejootoro of each size.should be fitted with a variable exit area 
(noz&le or diffuser effect).' 

The following main measurements would be taken: 

(1) airflow (by mean.i of pitbt-atatio traverse or orifice), 

(2) exhaust gas flow, —— 

"•V x-m 

m 

see also 5.1.4. 
- S - 
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presaure difference across tho ejector, 

(4) thrust from ejector» (detcruined by pitot-static traverse 
"V                 and by a target, which nust be adaptable.to every ejector 

size), 

(5) ' thrust of uxhau.it gas only frr. a critical nozzle should be 
,        either estis-ated or preferably ouasurad by a target. 

5.2.4.    In the single cylinder tests of the R.A.3. Low Drag 
Power Plant, which includes a double exhaust ejootor, explosions 
occurred in the exhaust gas-cooling »ir systoo.      It is thought at 
present that these explosions are due to the spontaneous ignition 

' of the CO - Hg - «ir fixture.      since they can be expeoted to occur 
in any similar ejector orrangenerft, experimental work should be 
undertaken in order to find under what condition they occur and to 

' find means of eliminating then. 
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